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I.  INTRODUCTION 


Reverse-ballistic  experiments  have  been  performed  at  the  Ballistic 
Research  Laboratory  using  a  light-gas  gun  to  launch  targets  against 
stationary  long-rod  projectiles  instrumented  with  foil-type  resistance 
strain  gages.  Signals  from  the  strain  gages  are  recorded,  measured  and 
analyzed  to  obtain  information  about  the  dynamic  behavior  of  the  projec¬ 
tile  as  it  penetrates  the  target.  Signals  have  been  displayed  by  cathode- 
ray  oscilloscopes  and  recorded  photographically.  The  nature  of  stress- 
wave  propagation  in  long-rod  projectiles  has  necessitated  long  observation 
times  and  simultaneous  observation  of  each  signal  at  different  deflection 
sensitivities  in  order  to  achieve  acceptable  resolution  at  both  high  and 
low  strain  levels.  Data  recorded  at  different  deflection  sensitivities 
and  data  from  gages  at  diametrically  opposed  locations  on  the  projectile 
must  be  combined  for  the  analysis.  Error  in  the  data  reduction,  espec¬ 
ially  error  in  time,  is  apparent  from  the  poor  agreement  of  the  combined 
data.  Different  sources  of  error  have  been  identified  but  the  primary 
source  is  optical  distortion  in  the  oscilloscope  cameras  and  in  the  copy¬ 
ing  camera  which  produces  a  transparency  from  the  original  photographic 
Polaroid  record.  Strain-gage  signals  recorded  early  in  the  investigation 
were  especially  susceptible  to  error  from  optical  distortion;  refined 
procedures  in  later  experiments  reduced  the  error  but  did  not  eliminate 
it.  This  report  briefly  reviews  the  instrumented-rod  experiment  and  the 
analytical  procedure,  but  primarily  considers  sources  of  error. 


1 1 .  BACKGROUND 

The  general  nature  of  the  experimental  approach  will  be  reviewed 
before  problem  areas  are  introduced.  This  section  briefly  describes  the 
experiments,  the  reduction  of  data,  and  the  analytical  procedure.  Greater 
experimental  detail  has  been  reported  by  Hauver  and  Melani1,  while  the 
theoretical  basis  for  the  analysis  has  been  reported  by  Wright2. 

A.  Experimentation. 

Reverse-ballistic  experiments  have  been  performed  at  the  Ballistic 
Research  Laboratory  using  a  100  mm  light-gas  gun  to  impact  targets  against 
stationary  long-rod  penetrators  instrumented  with  foil  strain-gages. 

The  experimental  arrangement  of  a  reverse-ballistic  experiment  at  710  m/s 
is  shown  in  Figure  1.  A  long  steel  rod  is  shown  instrumented  with  pairs 
of  strain  gages  which  are  located  20,  40,  60,  and  80  mm  from  the  tip  of 
the  rod.  This  rod  is  impacted  at  normal  incidence  by  a  plate  of  rolled 


lG.  E.  Hauver ,  "Penetration  with  Instrumented  Rods,"  Int.  J.  Eng.  Soi. , 
16,  pp.  (871-877),  1978. 

2T.  W.  Wright,  "A  Theoretical  Framework  and  Comparison  with  Instrumented 
Impacts,"  12th  Annual  Army  Science  Conference,  West  Point,  NY,  1980. 
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homogeneous  armor  launched  from  the  gun.  A  compression  wave  travels  back 
the  rod  and  is  detected  by  changes  in  gage  resistance.  These  changes  in 
resistance  are  measured  by  bridge  circuits,  and  the  output  signal  from 
each  bridge  is  displayed  by  a  cathode- ray  oscilloscope  and  recorded 
photographically  on  Polaroid  type  410  film.  Signals  from  the  strain 
gages  are  commonly  divided  so  that  part  of  the  signal  may  be  displayed 
at  higher  amplification  for  better  resolution  of  detail  at  low  strains. 
Divided  signals  from  a  strain  gage  in  an  early  experiment  are  shown  in 
Figure  2.  With  diametrically  opposed  gages  at  each  rod  location,  and 
each  signal  divided,  four  sets  of  data  must  be  reduced  and  combined  to 
provide  a  single  strain-time  history  at  each  location  on  the  rod.  These 
combined  strain-time  plots  are  shown  in  Figure  3. 

Oscilloscopes  are  calibrated  by  substituting  a  strain  gage  which  is 
similar  to  those  on  the  rod.  This  procedure  reduces  the  danger  of 
damaging  or  destroying  a  test  gage  prior  to  the  impact  experiment.  Cali¬ 
bration  consists  of  triggering  the  bridge  circuit  and  measuring  the 
resistance  with  several  different  precision  resistors  in  parallel  with 
the  gage.  This  calibration  establishes  a  constant  which,  together  with 
the  circuit  constants,  relates  oscilloscope  deflection  to  resistance 
change.  Before  applying  this  calibration  to  reduce  test  data,  the  cir¬ 
cuit  constants  are  re-evaluated  using  the  correct  resistances  for  gages 
on  the  rod  and  corrected  balance  points  for  the  bridges. 

B.  Data  Reduction  and  Analysis. 

The  original  records  on  Polaroid  Type  410  film  are  copied  onto 
Polaroid  Type  146-L  film  to  obtain  transparencies  which  are  measured  on 
an  optical  comparator  that  provides  a  digital  X-Y  output.  These  X-Y 
coordinates  are  converted  to  time  and  strain  respectively,  using  calibra¬ 
tion  and  reference  points  on  both  axes.  Time,  t,  has  been  determined 
from  the  expression, 

t  =  a+bX+cX2+dX3 

where  a,  b,  c,  and  d  are  coefficients  from  a  least-square  cubic  fit  to 
reference  time  marks.  Strain,  e,  is  determined  from  the  expression, 

(VFCRg)  (Y-Yo) 

6  -  V  (1-  c2/F)(Y-Yoy- 

where  RG  is  the  initial  resistance  of  the  strain  gage,  and  are 

Constants  which  depend  on  resistances  in  the  bridge  circuit1,  G  is  the 
strain-gage  factor,  and  F  is  the  calibration  factor.  Since  the  rod  is 
initially  unstrained  and  the  bridge  is  initially  balanced,  cq=  0.  The 

gage  factor,  G,  is  assumed  to  be  (2+e);  this  assumption  has  been  verified 
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by  quasi-static  experiments  reported  by  Fran:3.  The  calibration  factor, 
F,  is  determined  from  the  expression, 


F  *  -sr  (ci*cVB')  • 

where  primes  refer  specifically  to  the  calibration.  C'  and  again  are 
the  circuit  constants,  and  AR'  is  given  by  the  expression 

where  R  is  the  resistance  of  the  calibrating  resistor,  and  R'  is  the 

c  g 

resistance  of  the  strain  gage  substituted  for  calibration. 

This  procedure  for  data  reduction  provides  four  strain-time  histories 
at  each  location  on  the  long- rod  penetrator.  These  data  are  then  com¬ 
bined  to  provide  single  strain-time  history  at  each  location. 

C .  Analytical  Procedure. 


The  strain-time  histories  from  different  locations  on  the  rod  are 
used  to  perform  a  simple  wave  analysis.  From  the  strain  time  histories, 
curves  for  constant  strain  may  be  plotted  in  distance-time  space-  Along 
these  curves  the  slope  is  defined  as  C^,  the  plastic  wave  velocity.  In 

the  strain-time  histories  for  steel  penetrators,  these  curves  have  been 
straight  lines  indicating  that  the  wave  speed  is  independent  of  strain 
rate.  These  plots  are  shown  in  Figure  4.  A  plot  of  wave  velocity  vs. 
strain  is  prepared,  and  a  representative  plot  is  shown  in  Figure  5. 

Based  on  the  strain-rate  independent  theory  for  plastic  wave  propagation, 
particle  velocity  and  stress  are  determined  from  the  expressions: 

U  =  f  C  de  , 

Jo  P 

and, 

Jrc  2 

'  P  Cp“  de 

o 


3/?.  E.  Franz,  "Quasi-Static  Stress-Strain  Curves,  S-7  Tool  Steel," 
Report  No.  ARBRL-MR-03067 ,  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD.  (AD  #A093773) 
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where  U  is  the  particle  velocity,  a  is  the  stress,  and  p  is  the  density. 
Stress-strain  and  particle  velocity  -  strain  plots  are  shown  in  Figure  6. 
The  theoretical  basis  for  investigation  of  instrumented  penetrators  is 
reported  in  Reference  2. 


III.  PROBLEMS  AND  DISCUSSION 

Figure  3  shows  strain-time  histories  measured  at  four  gage  locations 
on  a  long-rod  penetrator.  Problems  associated  with  the  measurement  and 
analysis  of  oscilloscope  records  become  evident  when  the  details  of 
Figure  3  are  considered.  The  high  levels  of  strain  travel  relatively 
slowly  and  a  minimum  recording  time  of  at  least  100  ps  is  required  to 
record  the  arrival  of  high  strain  levels  at  a  gage  located  only  60  mm 
from  the  tip  of  the  rod.  Arrivals  of  the  elastic  front  at  each  gage 
location  are  then  crowded  into  a  short  time  interval  because  an  elastic 
wave  travels  at  a  velocity  which  may  be  nearly  ten  times  the  velocity  of 
a  plastic  wave  at  a  higher  strain  level  of  about  15  percent.  This  short 
time  interval  imposes  a  requirement  for  highly  accurate  time  measurements 
in  order  to  establish  the  elastic-wave  velocity  with  acceptable  accuracy. 
Measurements  of  signal  amplitude  encounter  a  similar  problem.  Strain  in 
the  elastic  region  is  usually  limited  to  values  below  one  percent,  while 
strain  in  the  plastic  region  can  frequently  be  measured  to  values  exceed¬ 
ing  twenty  percent.  In  principle,  the  accuracy  with  which  time  and 
amplitude  are  measured  can  be  improved  by  dividing  signals  and  simultan¬ 
eously  recording  them  at  different  sweep  rates  and  different  amplifica¬ 
tions.  In  practice,  this  would  require  many  recording  channels  and,  for 
economic  considerations  at  this  laboratory,  signals  are  divided  only  to 
record  at  different  amplifications  for  better  resolution  of  strain  in 
the  elastic  and  low-plastic  regions.  Divided  signals  from  gages  at  the 
same  location  on  both  sides  of  the  rod  must  be  measured  and  combined  for 
an  analysis.  These  measured  signals  are  commonly  displaced  from  each 
other  as  shown  in  Table  I  and  cannot  be  combined  without  arbitrary 
adjustments;  these  displacements  provide  evidence  of  measurment  error. 

In  an  effort  to  use  the  data  from  tests  already  performed,  a  pro¬ 
cedure  for  combining  test  data  was  developed.  At  each  rod  location  the 
four  sets  of  strain-time  data  were  forced  into  agreement  at  the  mean 
arrival  time  for  the  midpoint  of  the  elastic  fronts.  It  was  next  assumed 
that  the  more  highly  amplified  records  provided  a  more  accurate  measure¬ 
ment  of  strain,  and  these  two  records  were  adjusted  slightly  for  closest 
agreement  in  the  region  of  low-plastic  strain.  This  adjustment  was 
achieved  by  equal  but  opposite  changes  in  respective  values  of  the 
deflection  factor,  F.  The  less  amplified  measurements  of  high  strain 
were  assumed  to  be  less  accurate  and  the  deflection  factor,  F,  for  each 
set  of  data  was  adjusted  to  produce  agreement  at  the  upper  limit  of  low- 
strain  data.  After  combining  data  at  each  rod  location,  a  distance-time 
diagram  was  prepared  as  the  first  step  in  the  analysis.  A  distance-time 
diagram  is  shown  in  Figure  4.  The  data  in  these  distance-time  diagrams 
exhibited  significant  scatter  which  suggested  that  the  procedure 
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Figure  6.  Stress-Strain  and  Particle  Velocity-Strain  Plots 
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developed  to  combine  data  did  not  overcome  the  measurement  errors.  Con¬ 
sequently,  tests  were  performed  to  learn  more  about  the  sources  of  measure¬ 
ment  error  and  to  find  a  way  to  reduce  their  influence  on  results. 

Before  examining  sources  of  error  it  should  be  noted  that  the  errors 
in  strain  or  time  to  be  considered  result  primarily  from  errors  in  meas¬ 
urements  of  distance  on  photographic  records.  It  will  also  be  useful  to 
consider  the  magnitude  of  error  which  is  a  concern.  Measurements  in  the 
strain  direction  are  relatively  insensitive  to  measurement  error  if  one- 
percent  accuracy  is  required.  In  practice  the  signals  are  divided  and 
recorded  at  different  amplifications.  Typical  dimensions  on  the  two 
calibration  records  are  16  mm  equals  five  percent  strain  and  twenty  per¬ 
cent  strain,  respectively;  one  percent  accuracy  requires  that  distance 
be  determined  within  ±.16  mm  (0.0063  inch).  One-percent  accuracy  is 
not  considered  an  unreasonable  goal  in  strain  measurements;  however,  this 
goal  can  be  more  difficult  to  achieve  in  time  measurements.  On  a  typical 
photographic  record  a  distance  of  40  mm  may  correspond  to  a  time  interval 
of  150  ps.  If  the  time  interval  between  the  arrival  of  a  high  strain 
level  at  two  gage  locations  is  70  ps,  the  film  distance  must  be  measured 
within  0.19  mm  (.0075  inch)  for  one-percent  accuracy.  However,  if  the 
time  interval  is  only  10  ps,  as  it  may  be  at  the  elastic  front,  the  film 
distance  must  be  determined  within  approximately  0.027  mm  (.0011  inch) 
for  one-percent  accuracy,  and  this  measurement  is  more  demanding. 

Although  these  considerations  are  not  exact,  they  nevertheless  provide 
a  general  guide  to  the  requirements  for  accuracy. 

Errors  in  the  measurement  of  time  influence  the  accuracy  of  wave 
velocities  and  consequently  the  accuracy  of  analytical  results.  Wave 
velocity,  determined  from  measurements  of  arrival  time  at  known  strain- 
gage  locations  on  a  long-rod  penetrator,  is  plotted  as  a  function  of 
strain  in  Figure  5.  Integrations  along  this  curve  yield  the  relation¬ 
ships  between  stress  and  strain  and  between  particle  velocity  and  strain. 
The  large  area  under  the  initial  portion  of  the  curve  in  Figure  5  is 
very  influential  in  the  integrations.  Unfortunately,  the  high  wave 
velocities  at  the  beginning  of  the  curve  are  less  reliable  because  of 
errors  in  the  measurement  of  arrival  time. 

Measurement  errors  can  arise  from  different  sources.  The  major 
sources  are  believed  to  be  optical  distortion, . film  distortion,  and 
mechanical  alignment  of  the  camera.  Errors  also  relate  to  image  quality 
and  the  ability  of  a  human  operator  to  read  and  interpret  images  cor¬ 
rectly4.  Additional  error  may  also  be  introduced  by  the  comparator  used 
for  record  measurements.  Each  of  these  sources  of  error  has  been  con¬ 
sidered  and  will  be  discussed  in  the  following  sections. 


4Z).  D.  Preonas  and  R.  F.  Prater,  "Quantitative  Motion  Analysis  from 
Rotating  Mirror  Framing  Camera  Records , "  Journal  of  the  SMPTE,  Vol.  79, 
July  1970. 
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A.  Optical  Distortion. 


Optical  distortion  introduced  by  the  oscilloscope  and  copying  cameras 
was  determined  by  measuring  photographs  of  a  precision  glass  grid. 
Distortion  plots  such  as  the  one  shown  in  Figure  7  were  prepared  from 
these  measurements.  The  distortion  in  these  plots  was  exaggerated  by 
measuring  the  displacement  between  the  intersection  points  on  the  photo¬ 
graph  and  corresponding  intersection  points  on  the  precision  grid,  multi¬ 
plying  this  displacement  by  a  factor  of  1000,  and  plotting  this  magnified 
displacement  on  the  scale  of  the  precision  grid.  Figure  7  shows  distor¬ 
tion  produced  by  an  oscilloscope  camera.  Similar  negative  distortion  is 
produced  by  the  Polaroid  MP-4  camera  which  has  been  used  to  produce  a 
transparent  copy  of  the  original  record.  Consequently,  a  test  record 
such  as  shown  in  Figure  7  contains  distortion  similar  to  that  in  Figure 
2-A,  and  producing  a  transparent  copy  would  increase  the  distortion. 

This  scale  does  not  apply  to  solid  line. 

The  source  of  measurement  error  becomes  evident  when  the  measurement 
procedure  is  reviewed.  First,  the  record  must  be  aligned  on  the  stage 
of  the  measuring  instrument.  In  Figure  2-A  the  reference  sweep  with 
superimposed  time  marks  is  located  near  the  upper  extreme  of  the  distorted 
grid  in  Figure  7.  The  operator  discovers  that  the  reference  sweep  is 
curved,  must  decide  which  portion  of  the  sweep  should  be  used  for  align¬ 
ment,  and  probably  chooses  to  align  over  the  central  region  adjacent  to 
the  beginning  and  early  portion  of  the  signal.  Then,  assuming  the 
distortion  shown  in  Figure  7,  as  the  signal  amplitude  increases  (nega¬ 
tively  in  Figure  2-A),  the  orthogonal  motions  of  the  measuring  instrument 
will  yield  times  which  are  too  late  and  time  intervals  (relative  to  the 
beginning  of  the  signal)  which  are  too  long.  For  a  record  similar  to 
that  shown  in  Figure  2-A,  it  is  estimated  that  timing  error  of  0.3  ps  or 
more  could  occur,  and  would  depend  upon  the  specific  location  of  the 
signal  and  choices  made  by  the  operator. 

B.  Film  Distortion. 

Film  distortion  is  a  factor  which  limits  the  accuracy  of  a  measure¬ 
ment,  and  it  is  difficult  to  eliminate.  The  primary  causes  of  distortion 
are  dimensional  changes  of  the  film  base  which  undergoes  various  tempor¬ 
ary  and  permanent  changes  between  exposure  to  the  image  and  measurement 
of  the  processed  record.5  Experimental  study  of  oscilloscope  records 
has  revealed  measurable  distortion  which  results  from  lack  of  film  flat¬ 
ness.  When  the  record  is  removed  from  the  camera  it  curls  during  the 
drying  process.  Then,  when  the  record  is  flattened  for  a  measurement, 
the  emulsion  stretches  introducing  elongation  of  an  image  already 
distorted.  This  elongation  was  detected  when  a  precision  glass  grid 
was  photographed  on  both  Polaroid-Type  410  film  and  Polaroid  Type  146-L 
film.  The  Type  410  film  curled  much  less  than  the  Type  146-L  film. 


5J.  Vleekj  "Systematic  Errors  of  Image  Coordinates , "  Photograrmetric 
Engineering,  Vol.  35,  pp.  585-593,  1969. 
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Asymmetry  because  of  Camera,  and  Distortion  Plot 


Figure  8  shows  that  distortion  produced  by  the  Type  410  film  was  more 
symmetrical  than  distortion  produced  by  the  Type  146-L  film,  and  this 
result  is  consistent  with  the  observation  about  curl.  Although  the 
distortion  produced  by  the  Type  410  film  is  more  symmetrical,  it  is  also 
somewhat  greater  than  the  distortion  of  Type  146-L  film,  as  may  be 
observed  at  the  top  and  bottom  of  Figure  8.  This  suggests  that  the 
paper  base  of  the  Type  410  film  may  be  dimensionally  less  stable  than 
the  plastic  base  of  Type  146-L  film.  Vlcek5  made  a  compensation  for 
film  distortion  by  employing  four  simulated  corner  fiducial  marks  and 
found  that  errors  larger  than  0.01  mm  were  quite  common.  Although  it  is 
difficult  to  separate  film  distortion  from  optical  distortion,  the  0.01  mm 
value  is  judged  to  be  reasonably  consistent  with  the  film  distortion 
evident  in  Figure  8.  This  scale  does  not  apply  to  solid  line. 

C.  Camera  Stability. 

Mechanical  characteristics  may  also  contribute  to  measurement  error. 
These  cameras  may  not  be  rigidly  constructed  and  exact  alignment  may  be 
difficult  to  maintain.  There  is  a  tendency  for  cameras  to  droop,  and 
there  may  be  a  considerable  amount  of  movement  in  the  assembly  that 
attaches  the  camera  to  the  oscilloscope.  If  the  camera  is  opened  or 
removed  to  reposition  the  cathode-ray  beam,  care  must  be  taken  to  prevent 
misalignment.  The  adapter  that  attaches  the  camera  to  the  oscilloscope 
may  allow  motion  of  approximately  0.05  mm.  When  a  camera  droops,  it 
pivots  around  its  lower  point  of  support  on  the  oscilloscope,  leaving  a 
gap  of  0.5  mm  at  the  top.  Drooping  therefore  moves  the  camera  away  from 
the  face  of  the  cathode  ray  tube.  With  the  image  distance  fixed,  this 
movement  increases  the  object  distance  and  decreases  the  magnification 
slightly.  By  calculation,  the  length  of  the  lower  half  of  the  image 
decreases  by  0.0305  mm  while  the  upper  half  of  the  image  decreases  by 
0.0096  mm.  The  difference  of  approximately  0.02  mm  accounts  just  under 
one-half  the  observed  asymmetry  in  the  distortion  plot.  The  remaining 
asymmetry  is  assumed  to  result  from  elastic  yielding  of  the  camera  assem¬ 
bly.  It  has  been  shown  that  lifting  the  camera  to  reverse  the  influence 
of  droop  almost  exactly  reverses  the  asymmetry  of  the  distortion  plot  and 
shows  that  the  asymmetry  results  from  mechanical  misalignment  of  the 
camera.  Poor  camera  rigidity  can  conceivably  introduce  asymmetry  into 
the  distortion  as  shown  in  Figure  7  where  the  distortion  is  obviously 
greater  at  the  bottom  of  the  record  than  at  the  top.  Accurate  alignment 
of  the  Polaroid  MP-4  Copier  is  also  difficult  to  achieve  and  maintain, 
especially  if  the  instrument  is  used  and  adjusted  by  different  operators. 

D.  Common  Reference  Error. 

Data  reduction  and  analysis  require  a  reference  point  in  time  which 
is  common  to  all  test  records.  A  common  time  reference  has  been  intro¬ 
duced  in  different  ways,  but  the  most  successful  reference  prior  to  impact 
has  been  provided  either  by  briefly  blanking  the  cathode-ray  beam  or  by 
superimposing  a  brief  RC  discharge  signal.  With  beam  blanking,  the  point 
where  the  beam  begins  to  narrow  or  round  just  before  it  disappears,  serves 
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as  a  reference  point.  However,  details  at  the  end  of  the  beam  may  be 
poorly  defined  as  a  result  of  the  intensity  setting,  the  film  exposure, 
grain  clusters,  image  distortion  at  etched  graticule  lines,  and  local 
beam  distortions  which  are  unexplained.  Consequently,  it  may  be  impossi¬ 
ble  to  locate  this  reference  point  with  an  uncertainty  less  than  0.05  mm 
(approximately  0.2  us  with  a  sweep  time  of  150  us).  An  RC  discharge 
signal  may  encounter  many  of  the  same  problems  and  frequently  cannot  be 
depended  upon  to  provide  better  accuracy. 

E.  Operator  Error. 

An  operator  must  exercise  judgment  when  positioning  the  crosshair 
during  a  record  measurement.  Judgment  produces  some  inconsistency  or 
error  in  the  measured  values.  For  an  evaluation  of  this  error,  the 
transparent  copy  of  a  precision  grid  was  measured  on  an  optical  compara¬ 
tor,  and  then  immediately  remeasured  without  altering  the  record  align¬ 
ment.  The  comparison  of  measured  and  remeasured  values  is  presented  in 
Figure  9.  This  scale  does  not  apply  to  solid  line.  An  error  of  from 
0.1  ys  to  0.2  us  can  be  attributed  to  operator  judgment.  However,  it 
should  be  noted  that  the  transparent  copy  of  a  precision  grid  provides 
clear  lines  surrounded  by  dense  background.  This  provides  the  optimum 
situation  for  centering  the  crosshair  on  the  line  being  measured.  Even 
with  this  advantage,  error  between  measurement  and  remeasurement  was 
0.1  us  to  0.2  ys.  This  judgment  error  can  be  expected  to  increase  when 
record  quality  deteriorates  or  when  measurements  must  be  made  at  the  end 
point  of  a  blanked  beam. 

F.  Comparator  Errors. 

Polaroid  film  records  are  read  on  an  optical  comparator.  These 
records  are  placed  on  a  coordinate  measuring  stage  which  is  equipped 
with  both  optical  and  digital  readouts.  The  X-Y  coordinates  of  these 
records  are  printed  on  paper  tape,  and  then  converted  to  meaningful 
quantities.  Errors  can  be  imparted  to  image  coordinates  by  the  compara¬ 
tor  and  these  errors  depend  on  the  type  and  construction  of  the  instru¬ 
ment.  Measurement  biases  can  arise  from  temperature  which  affect  the 
length  of  the  lead  screws.  Temperature  changes  can  arise  from  different 
sources  including  friction.  Young6  observed  comparator  error  of  0.003  to 
0.004  mm  in  a  measured  length  of  260  mm.  The  length  of  an  oscilloscope 
record  is  usually  less  than  100  mm,  and  if  Young's  observed  error  can  be 
applied  to  these  records,  then  error  introduced  by  the  comparator  is  only 
about  0.001  to  0.002  mm  which  is  essentially  negligible. 


6fl.  E.  M.  Young ,  "Wild  STK-1  Stero  Comparator  Calibration  and  Coordinate 
Refinement,"  MA  Soi.  Thesis ,  University  of  Toronto,  1968. 
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IV.  MODIFIED  CALIBRATION  PROCEDURE  ^ 

The  format  of  the  oscilloscope  records  in  Figure  2  does  not  permit 
accurate  measurements  when  records  suffer  from  the  distortion  shown  in 
Figure  7.  However,  the  record  format  can  be  modified  to  reduce  the 
influence  of  distortion.  All  records  show  that  the  distortion  in  the 
central  region  is  least,  so  the  reference  sweep  necessary  for  record 
alignment  can  be  located  in  that  region  where  distortion  produces  minimum 
curvature.  The  distortion  plot  also  suggests  that  the  timing  error,  to 
a  close  approximation,  increases  linearly  with  distance  from  the  hori¬ 
zontal  axis.  To  evaluate  this  error,  the  calibration  must  establish  time 
as  a  function  of  distance  along  the  horizontal  axis,  and  corresponding 

time  as  a  function  of  distance  at  extreme  locations  above  and  below  the  / 

horizontal  axis. 

Figure  10  shows  the  calibration  format  used  to  determine  time  from 
distorted  test  records.  In  this  format,  time  marks  are  superimposed  on  ; 

square  waves  which  are  recorded  above  and  below  the  horizontal  axis.  ] 

Each  square  wave  extends  from  near  the  horizontal  axis  to  the  extreme 
off-axis  distance  where  data  are  recorded.  In  practice  only  maxima  and 

minima  appear  on  a  photographic  record;  the  writing  rate  in  rising  and  3 

falling  portions  of  a  square  wave  is  too  high  to  produce  an  exposure. 

The  superimposed  time  marks  occur  at  five-microsecond  intervals,  and  the 
period  of  the  square  wave  is  slightly  longer  than  ten  microseconds.  So 
each  maximum  and  minimum  will  always  have  at  least  one  superimposed  time 
mark.  A  record  is  aligned  for  measurement  by  using  the  reference  sweep 
located  along  the  horizontal  axis  where  it  is  least  influenced  by  distor¬ 
tion.  Measurement  of  the  time  marks  on  maxima  and  minima  of  the  square 
waves  provides  the  data  by  which  time  is  determined  over  the  entire 
record.  This  measurement  shows  that  time  marks  located  close  to  the 
horizontal  axis  are  in  close  agreement  after  they  are  related  by  a  con¬ 
stant  time  interval.  However,  it  is  found  that  the  projection  from  an 
axial  time  mark  usually  does  not  pass  through  the  midpoint  between  off- 
axis  time  marks.  This  timing  error  depends  on  the  horizontal  location, 

X,  and  on  the  distance  from  the  horizontal  axis.  Referring  to  Figure  10, 
it  is  assumed  that  the  timing  error  is  zero  between  SWA'  and  SWB 
(because  two  square  waves  are  very  close  to  each  other) ,  is  a  maximum  at 
both  SWA  and  SWB',  and  varies  linearly  at  intermediate  off-axis  distances. 

A  linear  approximation  should  satisfy  the  goal  of  one  percent  accuracy 
for  the  velocity  of  the  faster  elastic  portion  of  the  stress  wave.  A 
parabolic  fit  should  provide  a  slight  improvement. 

The  calibration  data  are  treated  by  cubic  fits.  The  position,  X, 
of  time  marks  is  related  to  time,  t,  by  the  relationship, 

=  a1+b1X+c1X2+d1X3  , 

■ 

where  subscript  ”1"  refers  to  off-axis  location  SWA  and  a^,  b  ,  c^  and 
dj  are  coefficients  of  the  cubic  fit.  Similarly,  at  SWA' 
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t,  =  a,+b,,X+c.,X2+d.,X3  . 

At  corresponding  values  of  X,  t1f  and  are  usually  different.  The 

time  at  t ^  is  t0+At^,  where  At^  is  the  correction  at  location  SWA.  With 

the  distortion  shown  in  Figure  7  the  correction,  At^,  should  be  positive 

at  early  times  and  negative  at  late  times;  it  is  related  to  X  by  the 
expression , 


At  i  =  ej+fjX+g^X^h^3  . 

where  e^ ,  f^,  g^,  and  h^  are  the  coefficients  of  the  cubic  fit.  Between 
SWA  and  SWA'  the  correction  at  an  off-axis  location,  Y,  is  given  by. 


At2,l  “  Atl  \  Y_-Y. 


and  the  time  between  SWA  and  SWA'  is  given  by 


t  At.,  j 

Between  SWA'  and  SWB,  t  =  t^.  At  SWB, 

<3  ■  aStb3KtV^V3- 

The  trains  of  time  marks  are  usually  displaced  on  the  two  square  waves. 
Consequently,  time  along  SWB  is  displaced  from  time  along  SWA'  by  a  con¬ 
stant  time  difference,  K.  At  SWB, 


At  SWB', 


t  =  t7  =  t3+k 


t.  =  a .+b .X+c „X~+d ,X  .  . 

4  4  4  4  4 


Again,  at  corresponding  values  of  X,  t^  and  t^  are  usually  different. 

The  time  at  t.  is  t,+At.,  where  At.  is  the  correction  at  SWB'.  The 
4  3  4  4 

correction,  At^,  is  given  by  the  expression, 

At4  =  e4+f4x+g4x2+h4x3  » 


and  between  SWB  and  SWB'  the  correction  at  an  off-axis  location,  Y,  is 
given  by. 
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The  time  between  SWB  and  SWB '  is  then  given  by 


t  =  (Vk)  *  &t3j4  =  t2+  At3>4  . 

Time,  t,  is  established  as  time  along  SWA'  or  SMB.  It  is  usually  neces¬ 
sary  for  time  to  be  measured  from  a  reference  point  common  to  all  records. 
This  time,  t  ,  is  given  by, 

t  =  t-t  , 
cr  r 

where  time,  t  ,  is  at  the  common  reference  point  indicated  in  Figure  10. 

A  worked  out  example  is  given  below.  The  coefficients  of  the  cubic 
fit  are  calculated  at  each  location. 

At  SWA 

a1  =  -7.239013 
Cx  =  . 2681 161E-07 
At  SWA  " 

a2  =  -7.1779S9 
c2  =  - . 1000963E-0 
At  SWB 

a3  =  -7.021482 
c3  =  - . 8452874E-0 
and  at  SWB ' 

‘  a .  =  -6.800771  b.  =  0.01903816 

4  4 

C/1  =  .  2372174E-07  d.  =  .7440509E-12 

4  4 

The  coefficients  of  the  cubic  fit  that  relate  the  time  correction  and 
position,  X,  of  the  time  marks  are  also  calculated  at  SWA  and  at  SWB'. 

At  SWA 

eL  =  - .347S977E-03  ^  . 3498629E-03 


b1  =  0.0190675 2 
dj  =  .  2849293E-11 

b2  =  0.01933765 
d2  =  . 149783E-10 

b„  =  0.01924243 
a 

d3  =  . 1507527E-10 


.  1S53328E-06 


- . 1510397E-10 


r 


g 


1 


and  at  SWB,' 


e,  =  . 1266629E-02 
4 

g4  =  . 4949229H-08 


f.  =  . 8477959E-04 
4 

h,  =  - . 3494646E- 1 1 
4 


The  correction  at  location  SWA  and  correction  between  SWA  and  SWA"  at  an 
off-axis  location,  Y,  are  calculated  and  are  given  by. 


Atj  =  -0.1977  us 
At,  .  =  -0.1294  us 

and  the  time  between  SWA  and  SWA'  is  given  by 


t  =  t At  ^  j  =  31.4697  us 

where  t,  is  calculated  for  the  coefficients  of  cubic  fit  (a?,  b,,,  c0  and 

d^)  for  any  X.  Similarly,  the  correction  at  location  SWB',  and  correction 
between  SWB  and  SWB'  at  an  off-axis  location,  Y,  are  calculated  and  are 
given  by, 

At,  =  0.2034  us 
4 

At,  ,  =  0.2091  us 
o,4 

and  the  time  between  SWB  and  SWB'  is  given  by 

t  =  (t^+K)  +  Atj  4  =  43.6410  us 

where  t^  is  calculated  from  a^,  b^,  c,  and  d^  at  any  given  X,  and  K  is  a 
constant  time  difference  between  SWA'  and  SWB. 


V.  CONCLUSIONS 

Any  significant  improvement  in  the  accuracy  of  data  from  photo¬ 
graphic  records  has  to  come  through  gradual  elimination  of  these  various 
sources  of  inaccuracies  of  the  image  coordinates.  There  has  been  an 
improvement  from  the  use  of  a  modified  calibration  procedure,  but  0.1  us 
accuracy  is  difficult  to  achieve.  Image  coordinates  are  still  afflicted 
by  these  systematic  errors  even  after  the  correction.  The  best  solution 
to  these  problems  may  be  to  replace  the  analog  oscilloscopes  by  digital 
recorders  which  do  not  require  optical  devices  for  recording  or  reducing 
test  data.  With  this  recording  system,  the  tests  records  can  be  stored 
on  magnetic  disks.  These  stored  records  can  be  directly  transferred  to 
a  minicomputer  for  analytical  computations.  This  system  minimizes  the 
handling  of  test  data  manually  and  eliminates  the  measurement  errors. 
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